In spite of liver toxicity, treatment with BEL was the most selective compound in vitro, as well in vivo, resulting in lower skin parasitism in the infected mice. These findings corroborate the role of PLA 2 in parasite virulence and maintenance in vertebrate hosts, and suggest that molecules structurally related to BEL should be considered when planning compounds against Leishmania sp.
Background
The Leishmania parasite and its first steps of interactions with phagocytic cells have been extensively studied, mainly because the type of interaction and molecules involved determine the fate of Leishmania, which may be associated with death by molecules and/or cells from the host; or Leishmania parasites can enter in the main host's cells, the macrophages, determining disease [1] .
The initial interaction between macrophages with the Leishmania sp. occurs through the complement receptor (CR), mannose-fucose, fibronectin, and Fcγ macrophage receptors.
Following inoculation of Leishmania promastigotes into the dermis of the mammalian host, a parasite metalloproteinase of 63 kDa (gp63) is able to cleave the C3b factor of the complement system into an inactive form (iC3b), which is able to bind to leishmanial lipophosphoglycan (LPG) and even to gp63. These opsonized Leishmania promastigotes bind to CR1 and CR3 macrophage receptors thereby commencing phagocytosis. This main type of phagocytosis seems to impact the course of infection, since the inhibition of respiratory burst and the Th1-driven immune response create favorable conditions for Leishmania survival. Conversely, interactions between Leishmania and fibronectin receptors will trigger an inflammatory response associated with parasite death [2, 3] .
Leishmanial molecules are also critical in the modulation of macrophages' intracellular environments. LPG is one of the main glycoconjugate of Leishmania promastigotes, and is involved in the protection of the parasite not only from the acidic parasitophorous vacuoles, but also from inhibition of phagosome maturation and modulation of cytokine production. The gp63 metalloproteinase has been credited as being a potent inhibitor of the protein kinase C pathways, which, if functioning properly, are responsible for cell proliferation, differentiation, apoptosis, and reactive oxygen and nitrogen species production; this context suggests that gp63 (in addition to LPG) has a deep impact on the modulation of leishmanicidal activity and in the establishment of leishmanial infection in macrophages [4] [5] [6] . These types of studies are extremely important for expanding the current knowledge on the physiopathology of leishmaniasis.
Although LPG and gp63 antigens have been identified as vital for parasite survival, other parasitic components are also important during the process of phagocytosis, as well as in the intracellular survival of Leishmania parasites. In this regard, it was demonstrated that the supernatant of L. (L.) amazonensis presented phospholipase A 2 (PLA 2 ) activity, and when an additional source of PLA 2 was added in culture, the pathway of eicosanoid production was stimulated and prostaglandin E 2 (PGE 2 ) was produced at high levels; this was associated with increased numbers of intracellular amastigotes [7] . Moreover, in vivo studies demonstrated that PLA 2 -stimulated L. (L.) amazonensis induced tissue injuries when compared with the control parasite [7] . This suggests the involvement of PLA 2 in the pathway of prostaglandin production, and that this pathway can be considered an additional mechanism by which L. (L.) amazonensis parasites infect, modulate inflammation and persist in the host.
Overall PGE 2 , a major byproduct of the metabolism of arachidonic acid, has been linked to pathology in leishmaniasis. Farrel and Kirkpatrick [8] were among the first to suggest the participation of this lipid mediator in leishmaniasis, since L. major-infected splenocytes from BALB/ c mice produced elevated amounts of PGE 2 and were unable to proliferate under specific stimuli. This is in contrast to splenocytes isolated from animals treated with indomethacin, a selective inhibitor of the enzyme cyclooxygenase (COX), which did not produce PGE 2 and were capable of proliferating. Similarly, the human lineage of U937 macrophages presented a time-dependent elevation in the production of PGE 2 following infection with L. donovani [9] , and decreased after the addition of COX 2 inhibitors. On the other hand, other secreted PLA 2 enzymes were able to eliminate promastigote forms of L. (L.) infantum, L. (L.) amazonensis [10] [11] [12] .
In order to evaluate the importance of PGE 2 during experimental leishmaniasis, L. (L.) mexicana-infected BALB/c mice were treated with indomethacin. It was observed that treated animals partially controlled the size of lesions and skin parasitism parasite load the skin, a finding that was associated with reduced levels of interleukin (IL)-4, IL-10, and PGE 2 in the supernatants of splenocytes [13] . These works clearly demonstrated how prostaglandin production can modulate not only the immunological response but also the outcome of parasite infection, suggesting that certain inhibitors of this complex pathway can serve as useful tools for controlling parasitism -such as the inhibitors of PLA 2 , which is a key enzyme responsible for triggering prostaglandin production. Thus, the main purpose of this work is to investigate the efficacy of inhibitors of cytosolic and secreted PLA 2 heat-inactivated fetal bovine serum, 10 μg/mL of gentamicin, and 1000 U/mL of penicillin (R10) at 25°C. Promastigote forms in the stationary phase were used.
PLA 2 inhibitors
Aristolochic acid (AA) inhibits secretory PLA 2 , such as human synovial fluid PLA 2 and PLA 2 purified snake and scorpion venoms. Bromoenol lactone (BEL) is an irreversible inhibitor of calcium-independent PLA 2 able to inhibit the release of arachidonate from different cell lines. Methyl arachidonyl fluorophosphonate (MAFP) is a selective and irreversible inhibitor of cytosolic PLA 2 and calcium-independent PLA 2 .
Determination of leishmanicidal potential of PLA 2 inhibitors
Promastigote forms of L. (L.) amazonensis (2 × 10 6 promastigotes/well) were incubated in 96-well culture plates in R10 medium with bromoenol lactone (BEL) (0.7-60 μM), methyl arachidonyl fluorophosphonate (MAFP) (4.7-300 μM) or Aristolochic acid (AA) (9.4-600 μM). Miltefosine was used as standard drug (1.9-245 μM). A negative control group cultivated in medium and dimethyl sulfoxide (DMSO) was used as a vehicle solution (never exceeding 1% v/v). The parasites were incubated for 24 h at 25°C. Plates were washed 3 times with 200 μL of sodium chloride 0.9% (w/v) and centrifuged at 3000 rpm for 10 min at 4°C; MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) (5.0 mg/mL) was added for 4 h. Subsequently, 50uL of sodium dodecyl sulfate (SDS -10%) was added to each well. The plates were incubated for 18 h and read in an enzyme-linked immunosorbent assay (ELISA) reader at 595 nm. In order to access the leishmanicidal potential of PLA 2 inhibitors, 50% effective concentrations (EC 50 ) were estimated using the software Graph Pad Prism 5.0 (GraphPad Software Inc., La Jolla, CA, USA). The EC 50 is the concentration of the inhibitors where 50% of leishmanicidal effect is observed after the specified exposure time.
Peritoneal macrophage culture and cytotoxicity assay
Approximately 2 × 10 5 peritoneal macrophages from BALB/c mice were cultured in R10 medium with BEL (0.7-60 μM), MAFP (4.7-300 μM), AA (9.4-600 μM) or miltefosine (1.9-245 μM). As negative control, macrophages were cultivated in medium and DMSO (not exceeding 1% v/v). After 24 h, cell viability was analyzed by the MTT method. After evaluation of the surviving curves, non-toxic concentrations were recorded and used in further experiments. In addition, the 50% cytotoxic concentration (CC 50 ) was estimated using the software GraphPad Prism 5.0. The CC 50 is defined as the concentration of the inhibitors where 50% of the host cells were unviable after the specified exposure time.
Effect of PLA 2 inhibitors during the interaction between the parasite and host macrophages
Promastigote forms of L. amazonensis in stationary phase were adjusted to a concentration of 2 × 10 6 promastigotes/ mL and were added to macrophage cultures (1:10 macrophage-to-parasite ratio). The co-cultures were maintained in a humidified incubator at 5% CO 2 at 35°C. The inhibitors AA (25.0; 50.0; 100.0 μM), BEL (1.0; 2.0; 4.0 μM) and MAFP (5.0; 10.0; 20.0 μM) were added to the infected cells. As standard treatment, miltefosine's EC 50 was used [14] . After 24 h of incubation, infection indexes were estimated [15] and the concentrations able to decrease the infection index to 50% were estimated via the software GraphPad Prism 5.0.
Efficacy of PLA 2 inhibitors during experimental cutaneous leishmaniasis
Thirty male BALB/c mice were subcutaneously infected in the right hind footpad with 10 6 promastigote forms of L. (L.) amazonensis, while five BALB/c mice received sodium chloride 0.9% (w/v) via the same route (healthy group). Five weeks after infection, L. (L.) amazonensis-infected BALB/c mice were divided into six groups containing 5 animals each: groups 1 and 2 were injected with 10.0 nM (0.012 μg/kg) and 30.0 nM (0.036 μg/kg) of BEL, respectively. The concentration of BEL was chosen based on previous reports of animal treatment [16] ; groups 3 and 4 were injected with 0.7 mM (0.015 μg/kg) and 1.4 mM (0.030 μg/kg) of MAFP, respectively. All these groups were treated intraperitoneally. Group 5 received Glucantime (50 mg/kg) intralesionally. Group 6 (infected only) was injected with PBS solution. Group 7 (non-infected, non-treated animals) received only the vehicle solution (PBS control by intraperitoneal or subcutaneous routes).
Animals treated intraperitoneally were injected with 50 μL of PLA 2 inhibitors or PBS solution; while those treated intralesionally received 20 μL of Glucantime or PBS solution. Animals were injected with PLA 2 inhibitors, Glucantime or vehicle solution a total of 15 times, once a day, at 24-h intervals. The animals' physical conditions were monitored once a week. Glucantime was injected intralesionally, based on a previous work [17] , and this administration route was effective at eliminating tissue amastigotes. The inhibitors BEL and MAFP were injected intraperitoneally to improve their distribution in the animal body. A group of non-infected animals were treated with BEL, MAFP or Glucantime to analyze histological alterations. One week after the last injection, the animals were anaesthetized with thiopental and sacrificed by cardiac puncture. There were no deaths prior to the endpoint, and all animals were euthanized to analyze the parasitism in the skin. Animals were not treated with AA because reports in the literature had reported its high toxicity for animals [18] .
Clinical course of lesion development and determination of parasite burden on the skin and in lymph nodes
The development of lesions in the infected and treated groups was measured weekly following infection for 8 weeks. The size of the lesion was determined based on the difference between infected and uninfected footpads. The parasite loads in the skin and in lymph nodes were determined using the quantitative limiting-dilution assay, as described in [19] . Briefly, fragments from the infected footpads and lymph nodes of different groups were aseptically excised and homogenized in Schneider's medium. The skin and lymph node suspensions were subjected to 12 serial dilutions with four replicate wells. The number of viable parasites was determined based on the highest dilution in which the promastigotes could be grown after 10 days of incubation at 25°C. Biopsies of the heart, lung, spleen, liver and kidney were collected and fixed in buffered 5% formalin for analysis of histopathological alterations in treated animals. These organs were collected because they are highly vascularized, which enables drugs in the bloodstream to provoke major changes and impact their physiology.
Statistical analysis
The results were expressed as the mean ± standard deviation of three independent experiments, and the nonparametric Mann-Whitney U test was used to compare the results between groups. Differences were considered statistically significant at a 5% significance level (P < 0.05). The software GraphPad Prism 5 was employed to analyze the results.
Results
Leishmanicidal and cytotoxic activities of PLA 2 inhibitors BEL was the most active PLA 2 inhibitor, killing 50% of promastigote forms of L. amazonensis with 15.1 ± 3.7 μM; MAFP presented intermediate activity (50.5 ± 7.8 μM), followed by AA, eliminating promastigote forms with EC 50 of 450.1 ± 45.6 μM; miltefosine eliminated promastigote forms with an EC 50 of 12.6 ± 2.1 μM (Table 1) . PLA 2 inhibitors did not induce cytotoxicity to peritoneal macrophages in the tested range ( Table 1) . The most selective molecule was MAFP, followed by miltefosine and BEL. The lowest selectivity index was presented by AA (Table 1) .
It was observed that BEL was the most active against amastigote forms and decreased the infection index by 50% at 2.6 ± 0.8 μM, followed by MAFP (17.6 ± 7.9 μM), miltefosine (21.6 ± 2.2 μM) and AA (76.9 ± 5.7 μM), as indicated in Table 1 . Furthermore, it was observed that BEL was the most selective molecule, followed by MAFP, AA and finally miltefosine ( Table 1) .
Effect of PLA 2 inhibitors during experimental cutaneous leishmaniasis
Infected BALB/c mice treated with 10 nM or 30 nM of the inhibitor BEL (Fig. 1a) presented smaller lesion sizes at weeks 6, 7, and 8 post-infection (P < 0.05), when compared with the infected control. In contrast, infected animals treated with 0.7 or 1.4 μM of MAFP (Fig. 1b) did not show significant alterations during the course of infection. Animals treated intralesionally with Glucantime presented small lesion size from 6 weeks post-infection until the end of the experiment, at the 8th week (Fig. 1a and b) .
In relation to skin parasitism, animals treated with 10 nM or 30 nM of BEL had fewer parasites on the skin when compared with the infected control (Fig. 1c) . Infected animals treated with MAFP did not change the parasite load in the skin (Figs. 1d) . Glucantime-treated animals (50 mg/kg) presented decreased parasite load when compared with the infected control group (Figs. 1c and d) . Animals treated with BEL or MAPF presented lymph node parasitism similar to that in the infected control group (data not shown). Parasites were not detected in lymph nodes of Glucantime-treated animals (data not shown).
Histopathological analysis
Histological sections of the heart, liver, kidney, and spleen were analyzed to verify toxic effects of PLA 2 inhibitors on BALB/c mice. Infected control animals did not present significant histolopathological changes in the heart, kidney or lungs; however, in the spleen signals of germinal center activation were verified (data not shown). In the liver, some focal areas of inflammation were observed (black arrow in Fig. 2a) .
Infected animals treated with MAFP did not show significant changes in analyzed organs compared with the infected control (data not shown). In comparison with infected controls, the BEL-treated group did not present signs of alterations in the heart, spleen or lungs (data not shown); however, the liver presented extensive areas of hepatocellular necrosis, as illustrated in the insets of one respective image from the group treated with 30 nM of BEL (Fig. 2b) . A similar histological pattern was verified in non-infected animals treated with 30 nM of BEL (Fig. 2c) . Infected and non-infected animals treated intralesionally with Glucantime did not show changes in histological sections of analyzed organs; for comparisons, a histological liver section from an infected animal treated with 50 mg/kg of Glucantime is presented in Fig. 2d . Healthy animals did not present alterations in analyzed organs (data not shown); for comparisons a histological liver section is presented in Fig. 2e .
Discussion
In spite of classical mechanisms of innate immunity during the relation between parasite and host cells, other components of the inflammatory process may take place during Leishmania infection. Recently, it was demonstrated that L. (L.) amazonensis-infected macrophages treated with PLA 2 presented more intracellular amastigotes when compared with the control group. Furthermore, an association between high intracellular parasitism and PGE 2 production by infected macrophages was demonstrated [7] ; PGE 2 is a lipidic mediator that downregulates the respiratory burst in infected macrophages [20] . Other studies have also demonstrated a pathogenic role of the prostaglandin pathway in leishmaniasis [21] ; however, to the best of our knowledge, few studies have focused on the initial enzyme responsible for triggering prostaglandin production, the PLA 2 enzyme, during experimental leishmaniasis.
Thus, in the present study, it was demonstrated that the viability of L. (L.) amazonensis promastigotes was altered when the PLA 2 inhibitors BEL and MAFP were added in culture. In trypanosomatids, PLA 2 plays vital roles in host cell invasion, Ca + 2 influx, and during lipid turnover [22, 23] . Therefore, these inhibitors should affect the physiology of L. (L.) amazonensis, thus impacting their survival in culture, as evidenced in Table 1 . In addition, L. (L.) amazonensis promastigotes were more sensitive to the inhibitor BEL in comparison with other treatments, and this molecule is a specific inhibitor of Ca 2+ -independent PLA 2 , since 15.1 μM was able to eliminate 50% of the parasite population; followed by MAFP, an inhibitor of calcium-dependent PLA 2 , that presented an EC 50 of 50.5 μM. These data suggest that Ca + -independent PLA 2 may hold vital biological significance for the survival of parasites, such that molecules able to target these enzymes can be considered valuable prototype drugs. Moreover, the activities of these inhibitors on the parasites seems to be specific, since macrophages incubated with these same inhibitors, at the same range of concentrations, did not show significant alterations in their viability, suggesting that the inhibitors are more selective to the parasite than to the host cells.
In order to verify whether PLA 2 inhibitors can impact the survival of intracellular amastigotes, L. (L.) amazonensis-infected macrophages were treated with BEL, MAFP and AA. In this case, both BEL and MAFP inhibitors were able to decrease the intracellular parasitism, suggesting that different families of PLA 2 enzymes not only may play some role during the infection, but also might be important for the intracellular survival of amastigote forms. Possibly PLA 2 s (from host and parasites) may favor the production of PGE 2 , which is suppressive for macrophages [24, 25] , as demonstrated in different studies [7, 9, 26, 27] . In the other hand, AA was shown to be the least active of all inhibitors assayed, despite presenting an intermediate selectivity index. Other PLA 2 inhibitors -such as quinacrine, 4-bromophenacyl bromide and phentermine -were used during the interaction of Trypanosoma cruzi and macrophages. In this case it was observed that the inhibitors suppressed parasite surface binding on the host cell and internalization [28] , suggesting that PLA 2 presents a role during intracellular infections, and thus can be used as a molecular target for designing new leishmanicidal molecules.
Given that the inhibitors BEL and MAFP were able to decrease the intracellular parasitism into host macrophages, in vivo experiments were carried out to verify whether PLA 2 could be considered a molecular target to characterize new prototype drugs. In this aspect, it was verified that BALB/c mice infected with L. (L.) amazonensis and treated with 10 nM or 30 nM of BEL exhibited decreased lesion size at 6, 7, and 8 weeks post-infection when compared with the infected control, an effect associated with reduced parasitism on the skin, but not in the lymph nodes (data not shown), suggesting that in vivo PLA 2 may be responsible, at least in part, for the induction of pathology in a murine model of cutaneous leishmaniasis. On the other hand, animals treated with MAFP did not show significant alterations in the course of infection. The inhibitor AA was not assayed in vivo due to its toxicity for animals [14] .
In the cellular environment, PLA 2 enzymes catalyze the hydrolysis of phospholipid sn-2 ester bond from cell membranes. This reaction is the primary pathway that allows the release of arachidonic acid. Following this biochemical step, the enzyme cyclooxygenase converts arachidonic acid into different classes of prostaglandins, according to the available enzymes associated with eicosanoid production. In leishmaniasis some studies demonstrated that this pathway is correlated with disease worsening; on the other hand, the use of inhibitors or commercial available drugs able to interfere with enzymes pertaining to this pathway can suppress the production of prostaglandins, thus improving the lesions. In this respect, Pérez-Santos and collaborators [13] showed that the treatment of L. (L.) mexicana-infected BALB/c mice with indomethacin, a selective inhibitor of COX enzymes, was able to restrain skin and lymph node parasitism; moreover, treated animals presented increased amounts of Th1 interleukins [13, 29] . Therefore, the blockage of enzymes belonging to this pathway can improve the outcome of infection. Given that PLA 2 is the first step in triggering eicosanoid production, it should be considered an interesting molecular target for designing new therapeutic molecules.
In spite of these positive findings, the inhibitor BEL was toxic to the liver of infected BALB/c mice as well as their non-infected counterparts, as demonstrated in histological sections, where degenerated hepatocytes (inset) and necrotic areas were identified. A previous work demonstrated that although BEL was not toxic to peritoneal macrophages, but the constant inhibition of PLA 2 in the neurons resulted in a long-term loss of neuronal viability, suggesting that in some organs, (such as the liver), preserving the activity of PLA 2 s is essential for maintaining host cell viability and homeostasis [30] . This study also opens future perspectives to use BEL inhibitor as an intralesional treatment, which in turn could reduce liver toxicity.
Despite the toxicity presented by BEL, the relevance of PLA 2 during the infection was also demonstrated. Furthermore, although BALB/c mice did not clear the L. (L.) amazonensis infection following the BEL treatment, these results suggested that PLA 2 might represent a potential target for inhibiting Leishmania infection. However, the main challenge is to find or design effective and non-toxic PLA 2 inhibitors that are able to block the entry or survival of the leishmania parasites in host cells.
Conclusions
Taken together, our results demonstrated that promastigote and intracellular amastigotes (in vitro and in vivo) of L. (L.) amazonensis are more sensitive to BEL inhibitor compared with other inhibitors, and that molecules structurally correlated with BEL might serve as an interesting alternative for designing new prototypes directed against Leishmania parasites. 
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